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As in mammals and other vertebrates, many invertebrate species undergo life-long 
adult neurogenesis.  In crayfish,  the neuronal precursor lineage producing adult-born 
neurons is well-defined, with spatially separated generations, facilitating the exploration 
of adult neurogenesis.  Sullivan and Beltz (2005b) demonstrated that cell bodies of 
adult-born neurons in clusters 9 (cl 9) and 10 (cl 10) of the crayfish (Cherax destructor) 
brain innervate the accessory (AL) and olfactory (OL) lobes.  In addition, neuronal 
precursors are not self-renewing but are never depleted from the neurogenic niche, 
indicating that these precursors must be replenished from a source extrinsic to the 
niche. In vitro work has shown that hemocytes, and not other cell types, are attracted to 
the neurogenic niche (Beltz, Zhang, Benton, & Sandeman, 2011).  Using adoptive 
transfer (AT) of labeled cells harvested from the circulation of a donor crayfish, it has 
recently been demonstrated that one source of neuronal precursors is the innate 
immune system (Benton et al., 2014). The current project utilized the crayfish 
Procambarus clarkii to examine the projections of neurons in cl 10, confirming earlier 
results in C. destructor. Furthermore, these studies identified the targets of the cells in 
brain cl 10 that are derived from AT of hemolymph from donor animals. Whether these 
cells innervate the normal targets of cl 10 cells in the olfactory and accessory lobes was 
tested by retrograde backfilling of cells bodies through applying dextran dye into the 
OLs and ALs through micro-penetration. The fibers that connect the cell bodies to these 
synaptic regions were then visualized using confocal microscopy.  We hypothesized 
that cells labeled with 5-ethynyl-2'-deoxyuridine (EdU) in donor animals would be 
double-labeled with dextran, indicating that these cells are demonstrating, in the 
recipient animal, characteristics expected of a neuronal fate.  In addition, 
immunocytochemical labeling for the peptide neurotransmitter SIFamide (SIF) 
confirmed that cl 10 cells derived from hemocyte transfers express the appropriate 
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INTRODUCTION 
 
Some scientists pursue the intrigues of basic science and are driven by an innate 
human curiosity for deciphering the fundamental and complex workings of the organ 
that drives both our physiological and psychological lives.  Others strive to identify the 
causes of and potential treatments for devastating neurological disorders. Both 
approaches rely on understanding the anatomical and mechanistic design of the 
nervous system, and there remains much to be learned in these areas.  Animal models 
are an indispensable part of this mission and offer insight into fundamental neuronal 
functions that may be translatable to the human experience.  Thus, basic scientific 
experiments and findings have potential implications for human health.  With this end 
game in mind, the current project explores the relationship between adult neurogenesis 
and the innate immune system, using crayfish as a model system. The immediate goal 
of these studies was to characterize the circuitry integration and transmitter expression 
of cells in the crayfish brain that are descendants of hemocytes transferred from donor 
animals. 
Santiago Ramón y Cajál, a prominent neuroscientist in the late 19th and early 20th 
century, has been anecdotally coined ‘the father of neuroscience’.  His contributions to 
the modern study of the brain have had a broad impact and Cajál’s principles have laid 
the foundation for many current studies.  While Cajál made influential contributions to 
the understanding of ‘neural plasticity,’ his thoughts on adult neurogenesis were not 
consistent with what is now accepted as a fundamental property of the nervous systems 
of mammals and many evolutionarily lower organisms – that neurons are continuously 
born throughout life (Fuchs & Flugge, 2014).  Cajál was not alone in his belief that 
organisms are born with the maximum number of neurons they will ever have and that 
these embryonically-generated neurons are depleted over time.  That dogma was 
staunchly challenged for many years and ultimately overturned by studies in birds, 
rodents, and humans (Altman & Das, 1965; Eriksson et al., 1998; Nottebohm, 1989). 
Today the acceptance of adult neurogenesis – the life-long birth of new neurons in 
some regions of the adult brain – is unequivocally accepted and is an active and 
ongoing area of research in vertebrate and invertebrate animal models, as well as in 
humans.    
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Adult neurogenesis 
In all mammals, including humans, adult neurogenesis is an ongoing and active process 
of neuronal birth and integration into the olfactory bulb and the hippocampus (Eriksson 
et al., 1998; Suhonen, Peterson, Ray, & Gage, 1996).  Recent work is exploring the 
possibility that adult neurogenesis is also ongoing in the hypothalamus (Rojczyk-
Golebiewska, Palasz, & Wiaderkiewicz, 2014) and striatum (Ernst et al., 2014; 
Kempermann, 2014). As research further dispels misguided dogma surrounding adult 
neurogenesis, it has become clear that the birth of new neurons in the adult brain is 
more the rule than the exception.  In addition, the mechanisms of adult neurogenesis 
have been associated with disorders such as glioblastoma, clinical depression, and 
seizures, as well as the natural aging process (Decimo, Bifari, Krampera, & Fumagalli, 
2012; Germano, Swiss, & Casaccia, 2010).  Therefore, this study, and the future 
investigations that may build on it, has potential to contribute to improved understanding 
of neurodegenerative and neuropsychiatric dysfunction and to broadly impact progress 
in combating related disorders.  
 
Animal models 
Due to the difficulties of studying adult neurogenesis in the human brain, the use of 
animal models to explore this process is critical.  Rodents are often considered the most 
convenient, clinically relevant mammals. However, the persistent birth of new neurons 
has been documented not only in vertebrates, but also in many invertebrate species, 
and these organisms are valuable for elucidating fundamental characteristics of adult 
neurogenesis.  Such findings are important to our basic understanding because of the 
high degree of evolutionary conservation in mechanisms underlying adult neurogenesis. 
For example, adult neurogenesis has been extensively studied in decapod crustaceans.  
These animals are especially useful because of the comparative simplicity of their 
nervous systems, the relatively small number of cells in the pertinent areas of the brain, 
and the favorable organization of the neuronal precursor generations (Kim, Sandeman, 
Benton, & Beltz, 2014; Sullivan, Benton, Sandeman, & Beltz, 2007; Zhang, Allodi, 
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Background  
In the crayfish Procambarus clarkii, the model used in the current project, the 1st-
generation neuronal precursor cells (which are functionally analogous with vertebrate 
neural stem cells) are not self-renewing. However, these are never depleted from the 
neurogenic niche where they reside (Benton, Chaves da Silva, Sandeman, & Beltz, 
2013), and neurogenesis continues throughout the long lives of these animals. These 
findings support the conclusion that there must be a source of neuronal precursor cells 
that is extrinsic to the niche that replenishes the supply of 1st-generation precursors 
(Beltz et al., 2011; Zhang et al., 2009).    
It was initially hypothesized that this extrinsic source was the immune system 
because the neurogenic niche is isolated from other tissues, except for a connection 
with the blood system, allowing for direct access of hemocytes (blood cells) (Sullivan et 
al., 2007).  Crayfish are an appropriate model for this work because these animals only 
have an innate immune system, so studies are not confounded by adaptive immune 
responses that may complicate similar experiments in vertebrate systems.  
Furthermore, the crayfish has a half open and half closed circulatory system, so in 
addition to vascular connections within the neurogenic niche, hemolymph circulates 
freely throughout the animal in sinuses; thus, the niche is literally bathed in hemolymph.   
The ability to define generational lineages of neurogenic cells in the crayfish brain is 
of significant value.  The neurogenic niche is a bilateral structure on the ventral surface 
of the crayfish brain.  Migratory 
pathways (streams) connect the niche 
with the medial proliferation and lateral 
proliferation zones associated with brain 
cell cls 9 and 10, respectively.  
  
Figure 1: Drawing of relevant crayfish brain 
anatomy.  Colored arrows indicate cl 9 (green) 
and cl 10 (blue) on the schematic of neuronal 
lineage below. Box shows pattern of local (cl 9) 
and projection (cl 10) interneurons; cl 9 targeting 
both OL and AL, and cl 10 targeting either OL or 
AL.  Adapted from figures 1 and 3 from Sullivan 
& Beltz, 2005b and Benton, Chaves da Silva, 
Sandeman, & Beltz, 2013, respectively.   
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Neuronal precursors are housed in the neurogenic niche.  There, these cells divide 
symmetrically and the daughter cells (2nd generation neuronal precursors) migrate 
towards either cluster 9 (cl 9) or 10 (cl 10) via streams in which each cell undergoes a 
second symmetrical division before reaching its respective cl where it divides into 3rd 
and subsequent generations before differentiating into neurons. (Kim et al., 2014; 
Zhang et al., 2009). Cl 9 and cl 10 contain the cell bodies of interneurons that project to 
the olfactory (OL) and accessory (AL) lobes.  Cl 9 contains local interneurons that 
project to both the OL and AL, while cl 10 contains projection interneurons that target 
either the OL or AL (Figure 1).  The OL in the crayfish is functionally analogous to the 
vertebrate olfactory bulb.  The AL is thought to be involved in higher order functions 
such as integration of olfactory, visual and mechanosensory information, and is 
potentially analogous to the hippocampus in vertebrates (Sullivan & Beltz, 2005a, 
2005b).  Once integrated into the system, adult-born neurons in cls 9 and 10 express 
neurotransmitters and their processes project to the OLs and ALs, as do other neurons 
in these clusters (Beltz et al., 2011). Neurotransmitter expression is detected 
immunocytochemically using antibodies against orcokinin (cl 9) and SIFamide (SIF) (cl 














Figure 2: Retrograde dextran labeling in C. destructor cl 10. 
Confocal images of brain slices following micro-ruby and micro-
emerald dextran applied to the OL and AL, respectively. Scale 
bars (A) 100 µm, (B) 80 µm. Figure 3 A, B from Sullivan & Beltz, 
2005b. 
 
The work of Sullivan and Beltz (2005b) demonstrated the anatomical integration of 
adult-born neurons into cls 9 and 10, with projections to the OL and AL in Cherax 
destructor, (Figure 2). Some cells born in adult C. destructor that migrated to the cl 10 
were double-labeled for bromodeoxyuridine (BrdU),  and dextran when incubated in 
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BrdU 4-6 months prior to sacrifice and dextran injection (Figure 3).  Dextran, introduced 
by micro-penetration of the OL and/or AL, and backfilled into the cell bodies in the 
clusters.  These studies therefore showed that adult-born neurons in C. destructor have 
the same targets as other neurons in cls 9 and 10.  
 More recently, Benton et al. (2014) demonstrated using adoptive transfers (ATs) 
that the immune system is the source of neuronal precursors in the neurogenic niche. 5-
ethynyl-2’-deoxyuridine (EdU)-labeled cells taken from the hemolymph of donor animals 
were found in the niche within three days of transfer, and later in cls 9 and 10 of 
recipient crayfish.  Because the recipients had never been exposed to EdU, any EdU-
labeled cells found in these animals must have been derived from the labeled donor 
hemocytes. Thus, the integration of EdU-containing hemocytes into the recipient 
animals’ neurogenic system and the 
expression of neurotransmitters by these 
cells, strongly suggest that the descendants 
of hemocytes develop into neurons in the 
recipient crayfish.  
 
Figure 3: Double-labeling of BrdU and dextran in 
adult C. destructor. Confocal images of brain slice 
showing retrograde dextran (micro-ruby, OL and 
micro-emerald, AL) labeling in cl 10, 4-6 months post 
BrdU incubation. White arrowheads indicate cells 
double-labeled for dextran and BrdU from. Scale bar 
20 µm. Figure 4D from Sullivan & Beltz, 2005b.  
 
The current project  - a ‘needle in a haystack’ 
The primary goal of the current project was to test whether cells in cl 10 of P. clarkii that 
are derived from the AT of hemocytes, differentiate into neurons. Previous studies have 
shown that these cells express appropriate neurotransmitters (Benton et al., 2014). Do 
they also project to the OLs and ALs, becoming local and projection interneurons in the 
olfactory pathway, as do other cells in this cell cluster?  The pursuit of this question is 
akin to searching for a ‘needle in a haystack’ because there are predicted to be a 
maximum of 3-4 EdU-labeled cells per hemi-brain resulting from AT out of ≥200,000 
cells in cl 10 (Sandeman et al., 1998). Finding that needle would add to the growing 
collection of evidence that the relationship between adult neurogenesis and the innate 
immune system is much more direct than previously understood. 
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MATERIALS AND METHODS 
Animals 
Adult freshwater crayfish (P. clarkii), collected in the wild and purchased from 
Atchafalaya Biological Supply Co (Raceland, LA), with carapace lengths ranging from 
30mm to 40mm were used for all experiments.  Crayfish were housed at room 
temperature in artificial pond water (double-distilled water with added trace minerals and 
sodium bicarbonate as a buffer to maintain pH of 7.4) on a 12:12 hour light/dark cycle in 




Donor crayfish were injected with 100-200 µl of 0.05 – 0.10 mg/mL EdU (Click-iT® Plus 
EdU Alexa Fluor® C10337, 488nm and C10339, 594 nm imaging kits; Molecular 
probes) in crayfish saline (205 mM NaCl, 5.4 mM KCl, 34.4 mM CaCl2, 1.2 mM MgCl2 
and 2.4 mM NaHCO3) and maintained in housing conditions previously described.  
These animals served as hemocyte donors in ATs (see below) or served as controls.  
EdU is a thymidine analog that is incorporated into DNA during the S phase of cell 
division in order to label dividing cells. EdU is detected using the Click-iT® method – a 
chemical reaction dependent on a copper (I)-catalyzed azide-alkyne cycloaddition that 
results in the binding of a triazole carrying the detection probe.  The use of EdU in this 
study, rather than bromodeoxyuridine (BrdU), minimizes unreliable labeling because the 
Click-iT® method is not antibody based so labeling cannot result from non-specific 
antibody binding. Once diluted in the recipient hemolymph, it is expected that less than 
1% of cells contained the EdU label (Benton et al., 2014).  
 
Adoptive transfers of hemocytes 
ATs of hemocytes were performed using methods similar to those described by Benton 
et al. (2014). Between 3 and 9 days after EdU injection of donor crayfish, hemolymph 
(100-200 µl) was extracted with a syringe and was immediately put in an Eppendorf 
tube containing 100 µl of cold anticoagulant buffer (100–200 ml; NaCl, 0.14 M; EDTA, 
10 mM; trisodium citrate, 30 mM; citric acid, 26 mM; glucose, 0.1 M; pH 4.6). 
Hemolymph and buffer were gently and briefly mixed.  This mixture was injected, using 
a sterile chilled needle and syringe, through the membrane between the first and 
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second segments on the dorsal abdomen of a naïve recipient crayfish.  Donor animals 
that did not undergo AT served as controls. 
 
Projection neuron labeling 
Recipients of adoptively transferred hemocytes were sacrificed 3.5 – 19 weeks after 
transfer. Brains were dissected in crayfish saline and desheathed in 2% bovine serum 
albumin (BSA) saline, which stabilizes the brain.  The OL or AL was penetrated with 
microelectrodes coated with dextran conjugated to a fluorophore.  The dextran methods 
used in the current project were modeled after the work of Sullivan & Beltz (2005b) and 
Utting et al. (2000). Control animals underwent the same protocols, with no AT, 3 - 7 
weeks post EdU injection.  
Dextrans are hydrophilic polysaccharides that undergo retrograde transport in live 
tissue.  For this reason, the brains were incubated in 2% BSA saline in the dark and at 
room temperature for 4-6 hours post micro-penetration.  The molecular weight of the 
dextran is inversely proportional to its transport rate (Vercelli, Repici, Garbossa, & 
Grimaldi, 2000).  The presence of dextran following transport is visualized according to 
the excitation/emission properties of the fluorophore to which it is conjugated.  Both 
micro-ruby dextran (tetramethylrhodamine and biotin, 3000 MW, lysine fixable, 
(555/580), Molecular Probes) and micro-emerald dextran (fluorescein and biotin, 3000 
MW, anionic, lysine fixable, (494/518), Molecular Probes) were used.  Dextran granules 
were hydrated in a 1 mg: 1 µl ratio with 2% BSA saline and allowed to dry, then 
rehydrated with 0.5 µl double-distilled water. Electrode tips were coated in the resulting 
viscous mixture. After dextran micro-penetration into the OL or AL, and 2% BSA 
incubation, brains were fixed overnight in 4% paraformaldehyde in 0.1 M phosphate 
buffer (PB; 20 mM NaH2PO4, 80 mM Na2HPO4; pH 7.4). Brains were then processed 
for EdU detection (described above). In early trials, 11 brains were examined as whole 
mounts (488 nm EdU) and in subsequent trails the remaining 28 (594 nm EdU) out of 
39 total brains studied (see appendix A) were sectioned into 100 µl slices.  For the 
slices, whole brains were suspended in 5% noble agar in double-distilled water and 
sliced in 0.1 M PB using a Vibratome® Series 1000.  Starting from the ventral surface, 
5-7 horizontal slices were collected. Whole brains and slices were mounted and 
covered on 25 x 75 x 1 mm glass slides using Fluoro-Gel (Electron Microscopy 
Sciences).  
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SIFamide and nuclear (Hoechst 33342) labeling 
In six trials, brains were processed immunocytochemically for SIF expression using 
polyclonal rabbit anti-SIFamide (1:5000, a gift from Dr. A. Yasuda) raised against the 
SIF peptide (GYRKPPFNGSIF) conjugated to BSA (Benton et al., 2014).  The 
complimentary secondary antibody was goat-ant-rabbit IgG-CY5 (Jackson 
ImmunoResearch Laboratories).  All brains were also stained with 20 mM Hoechst (Life 
Technologies, 33342) a nucleic acid (nuclear) label, and examined using confocal 
microscopy (see below).   
 
Confocal microscopy 
Whole and sliced brains were imaged using a Leica TCS SP5 confocal microscope 
equipped with argon 488 nm and 561 nm and 633 nm diode lasers. Serial optical stacks 
were obtained in 1 µm and 0.5 µm intervals and saved as both 3D stacks and 2D 
projections and image assembly was done in Photoshop and Illustrator CC (Adobe 




Differentiated properties of cells in cl 10 of the crayfish brain that are derived from AT of 
EdU-labeled hemocytes were characterized. The targets of these cells were identified 
using retrograde backfills from the OL or AL using fluorophore-conjugated dextrans.  
Transmitter expression was assessed using immunocytochemical labeling for SIF, a 
transmitter used by many cl 10 neurons.  These combined approaches aimed to identify 
the targets reached by neuronal precursors once integrated into cl 10, and to determine 
if these cells express SIF, a neurotransmitter used by many cl 10 neurons (Sullivan et 
al., 2007; Yasuda-Kamatani & Yasuda, 2006). 
Eight independent trials conducted at variable time points (see appendix A), used 
a total of 36 crayfish brains that were examined microscopically; 27 of these were AT 
recipients of EdU-labeled hemocytes from donor crayfish, and 9 were controls that had 
been injected with EdU but did not receive transferred hemocytes. Several weeks (3.5-
7) following nucleoside labeling or transfer of labeled hemocytes, brains were dissected 
and dextrans injected into the OLs or ALs, which is taken up and transported back to 
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the neuronal cell bodies in cls 9 and 10. Thus, neurons that target these regions will be 
dextran labeled, although only a portion of these will label with the micro-penetration 
methods used. The goal of the current experiments was to ask whether nucleoside-
labeled cells in cl 10 in crayfish that received AT of hemocytes, were also double-
labeled with dextrans. If so, this would confirm that the descendants of the adoptively 
transferred hemocytes project to the normal targets of cl 10 neurons.  The search for 
double and/or triple-label combinations of EdU, dextran and SIF was akin to a search 
for a ‘needle in a haystack’, because the number of adult-born neurons is relatively 
small compared to the total number of cl 10 neurons. The number of cl 10 cells 
generated from the AT of hemocytes is even smaller. The results document different 
labeling patterns observed, but insufficient data were available to statistically quantify 
the results. In addition, while similar phenomena would be expected in cl 9, the current 
project focused on cl 10.  
 
Figure 4: Low magnification image of 
hemi-brain post OL dextran application. 
(A) Cl 9 and 10 nuclear labeling. (B) Dextran 
application site in OL and projections to cell 
bodies in cl 9 and 10. (C) Composite image.  
Scale bars 100 µm. 
 
In the 27 AT recipient brains, 
which contain 2 cl 10 regions per 
brain, 0 – 3 EdU-labeled cells were 
observed per cl 10.  The most 
common finding was that the EdU-
labeled cells visualized in cl 10 after 
AT of hemocytes were labeled solely 
with EdU. However, there was some 
evidence of double-labeling with EdU 
and dextran (EdU/dextran) or EdU 
and SIF (EdU/SIF), as well as what is 
referred to here as the trifecta – a cell 
labeled with EdU, dextran and SIF.  
Possible explanations for these 
variable labeling patterns include (1) 
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that a transferred labeled hemocyte originating in a donor crayfish (donor) could have 
integrated into the neural circuitry of an AT recipient animal (recipient), resulting in 
double-labeling with EdU and dextran; (2) that these donor-derived cl 10 cells 
expressed the appropriate neurotransmitter, resulting in double-labeling with EdU and 
antibodies for SIF, or (3) the trifecta – triple labeling, suggesting that the cells in cl 10 
derived from AT express the appropriate transmitter and target the OLs or ALs, resulting 
in labeling with EdU, SIF antibodies and dextran.  
 
Control data 
Do P. clarkii adult-born neurons project to and target the OLs and ALs? 
One aim of the current project was to ask whether cl 10 cells in P. clarkii extend 
processes to targets in the OL or AL, circuitry that was previously demonstrated in C. 
destructor (Sullivan & Beltz, 2005a).  Micro-emerald (dextran) was injected into the OL 
or AL at multiple sites, which was taken into axons projecting to these regions and 
transported back to the cell bodies in cl 10.  After backfilling, results were examined in 
whole mount brains (see appendix B) as well as in 100 µm horizontal slices (Figure 4).  
While both preparations indicated that adult-born neurons project to targets in the OL 
and AL, as was previously demonstrated in C. destructor, the sectioned brains provided 
greater microscopic resolution and therefore was the preferred method for data analysis 
(Figure 5).  
Figure 5: Cl 10 cell projection fibers targeting the OL in P. clarkii.  Magnified images of cl 10 (figure 
4) with projection fibers and cell bodies backfilled from dextran applied to the OL. (Ai) Hoechst (nuclear) 
labeling, (Aii) composite Hoechst and dextran labeling. (B) dextran labeling. (Ai, ii, B) Scale bars 20 µm. 
(D) Magnification of (C), arrows indicate a sample of many dextran labeled fibers. Scale bar 10 µm. 
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Data from adoptive transfers 
Do cells derived from donor hemocytes integrate into the cl 10 circuitry of recipients?  
Examination of cells in cl 10 in the brains of recipient crayfish yielded a variety of 
results.  It was most common to see cl 10 cells that were solely EdU-labeled (Figure 6).  
EdU labeling was observed in either the nucleus or cytoplasm. The nuclear: cytoplasmic 
ratio in cl 10 cells is large. Distinguishing labeling in these two compartments was 
relatively straight-forward, and was accomplished by stepping through the confocal z-
plane and observing if the label was continuous throughout the center of the cell 
(nuclear) or if there was a lack of labeling in the center (cytoplasmic) (Figure 6A). 
Another commonly observed phenomenon was that EdU and/or dextran labeling 
quenched the Hoechst nuclear label.  As a result, an unlabeled space can be seen in 
the Hoechst channel that corresponds with where EdU is localized in the nucleus 
(Figure 6B). 
Figure 6: Cytoplasmic and nuclear labeling in cl 10. (Ai) Hoechst (nuclear) labeling, (Aii) composite 
Hoechst and EdU labeling, (Aiii) cytoplasmic EdU labeling. (Bi) Hoechst (nuclear) labeling, (Bii) 
composite Hoechst and EdU labeling, circles mark where EdU quenches Hoechst. (Biii) 2 nuclear 
labeled EdU cells. Scale bars 10 µm. 
  
Often, due to the distribution of cell bodies within the cluster, it was common that 
cells appearing to be EdU/dextran labeled, after further investigation, were shown to be 
separate but overlapping cells, each carrying one of the two labels.  In these cases, the 
cross-hairs function on the confocal microscope allowed for visualization of the z-plane, 
in which it could be seen if the labels were distinct or common to a single cell (Figure 7).  
This allowed for distinguishing between distinct EdU/dextran labeled cells and those 
that were double- (or triple-) labeled.  The confocal z-plane cross-hairs were used 
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extensively in the current project to confirm and evaluate cells that appeared to contain 
multiple labels.  
A less common observation was EdU/dextran labeling; one such cell was 
identified (Figure 8), in which EdU and dextran labels appear to be primarily 
cytoplasmic. The nearby Hoechst-labeled cell is distinct.  This was a common finding, 
noted earlier (Figure 6), that both the EdU and dextran labeling can quench the Hoechst 
labeling, leaving a space devoid of labeling on that channel. 
Figure 7: Overlapping EdU and dextran cells. (A) Three EdU labeled cells in cl 10 of a recipient in 
which micro-emerald dextran was applied to the AL. White circled cell appears EdU/dextran. Scale 
bar 10µm. (B) Center panel show the x, y-axes. Bottom panel shows z-plane on the vertical axis. Right 
panel shows the plane on the horizontal axis. Green and red circles indicate respectively labeled cells 
are distinct.  
 
Do cells derived from donors express SIF in cl 10 of the recipients? 
While observation of EdU/dextran was rare in cl 10 cells derived from AT of hemocytes, 
EdU/SIF was more common.   Within one cl 10 it was not unusual to find cells labeled 
with EdU only, EdU/ SIF and dextran and SIF (Dextran/SIF) (Figures 9, 10, 
respectively).  Dextran/SIF co-labeling was expected in large numbers of cells, as the 
recipient animal would have more than 200,000 intrinsic cl 10 neurons that did not result 
from the ATs (Sandeman et al., 1998).  These cells should project to either the OLs or 
the ALs, and many would express SIF. The finding that not all EdU-labeled cells in cl 
10, which resulted from the AT of hemocytes, express SIF is consistent with the 
understanding that not all cl 10 cells express this peptide transmitter (Yasuda-Kamatani 
& Yasuda, 2006). 
























Figure 8: EdU/dextran double label of cell following micro-emerald 
dextran application to AL. (Ai) Dextran labeling, arrow indicates fiber 
projecting to AL. (Aii) Cytoplasmic EdU labeling. (Aiii) White circle 
indicates EdU quenching of Hoechst and cyan circle indicates nucleus of 
separate cell as seen in matching circle in (c). (B) Composite image. 
Scale bars 10 µm. 
 
Figure 9: EdU/SIF double-labeled cell. (A) EdU and SIF labeling in a single cell. Scale bar 10 µm. (B) 
Confocal view of z-axis showing EdU and SIF expression in the same cell (circles). Center panel shows 
the x, y-axes. Bottom panel shows z-plane on the vertical axis. Right panel shows plane on the 
horizontal axis. 
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Do cells derived from donor-labeled hemocytes integrate into the cl 10 circuitry of 
recipients AND express SIFamde? 
 
The trifecta (EdU-, dextran- and SIF- labeling) was observed in one cell (Figure 11). 
This pattern indicates that the donor cell extended a process from cl 10 targeting the AL 
(where the dextran was applied), and was additionally expressing SIF.  These 
characteristics are consistent with the expected differentiated properties of cl 10 
neurons.   Confocal z-plane cross hairs were used to confirm that all three labels are in 
the trifecta cell suggesting that EdU and dextran are in the nucleus and SIF is in the 
cytoplasm (as expected) of the same cell.  The distinction of nuclear versus cytoplasmic 
labeling is also evident because the SIF is seen in a narrow ring of cytoplasm 
surrounding a large nucleus. It can also be seen that the Hoechst-only labeled nucleus 


























Figure 10: Dextran/SIF double-labeled cell. (A) Hoechst (nuclear) labeling. 
Circle indicates where dextran quenched Hoechst label. (B)  Dextran/SIF 
double-labeled cell (circle). (C) SIF labeling. (D) Dextran labeling with visible 
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Concluding remarks regarding results 
These results show that cells in cl 10 in P. clarkii successfully target the OL and AL as 
has been previously shown in C. destructor (Sullivan & Beltz, 2005b). In addition, 
observations in the current study suggest that neuronal precursors that derive from ATs 
can integrate into the recipients’ neuronal circuitry, as seen by double-labeling of cells 
derived from donor hemocytes with EdU/dextran and the trifecta of all three labels. 

























Figure 11: Trifecta. Single cell labeled with  EdU, dextran, and SIF following  
dextran application in AL. (A) Dextran labeling in cell and process extending to 
AL (ellipse). (B) Nuclear EdU labeling. (C) Cytoplasmic SIF labeling. (D) The 
trifecta of all three labels. (E) 2-dimensional  projection of confocal z-stack with A, 
B, C merged. Circles indicates cell with triple labeling. Center panel shows the x, 
y-axes. Bottom panel shows z-plane on the vertical axis. Right panel shows 
plane on the horizontal axis. Scale bars 10µm. 
 
In cells derived from ATs labeled only with EdU, as well as those carrying 
multiple labels, the EdU label was observed in nuclei, as expected, and also in the 
cytoplasm of some cells. In both cases, a spherical pattern of labeling was consistently 
observed that gave the appearance of varying sizes of labeled balls.  It was noted that  
the EdU spheres appeared smaller and more brightly labeled in the Edu/dextran 
(cytoplasmic labeling) cell and the trifecta cell (nuclear labeling). 
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While a strong conclusion should not be drawn from the small number of double- 
and triple-labeled cells observed in the present study, the trifecta cell as well as the 
EdU/dextran and Edu/SIF cells are the ‘needles in the haystack’ this project aimed to 
find. These observations demonstrate that cells derived from the adoptive transfer of 
hemocytes can express neuronal properties, and provide strong motivation for further 
investigation of the differentiated fates of cells derived from adoptive transfers of 




The anatomical integration of newly born neurons into the normal circuitry of the 
crayfish brain has been previously demonstrated in the crayfish C. destructor.  Micro-
penetration of the OLs and ALs with conjugated dextrans that backfill to the cell bodies, 
allowed for visualization (using confocal microscopy) of the local (cl 9) and projection (cl 
10) interneurons’ cell bodies and their fibers projecting to both the OL and AL (cl 9)  or 
either the OL or AL (cl 10)  (Sullivan & Beltz, 2005b).  In addition, recent work has 
shown that the innate immune system in crayfish is a source of neuronal precursors 
found in the neurogenic niche. Circulating hemocytes transform into neuronal 
precursors, and their descendants, once integrated into cls 9 and 10, express 
neurotransmitters characteristic of these regions - cl 9 (orcokinin) and cl 10 (SIF)  
(Benton et al., 2014).   
In order to characterize the targets and transmitters of cells in P. clarkii  cl 10 that 
derived from hemocytes originating in the innate immune system, the retrograde 
labeling method from Sullivan & Beltz (2005b) was combined with the AT methods of 
Benton et al. (2014). Using this approach, these experiments tested whether cl 10 cells 
derived from ATs target the expected regions (OL and AL) in recipient brains and 
express the appropriate transmitter (SIF). The data collected from this novel 
combination of established methods yielded a compelling, but incomplete story. 
 
Do P. clarkii adult-born neurons project to and target the OLS and ALs? 
The work of Sullivan and Beltz (2005b) characterized the anatomical projections and 
targets of cl 9 and 10 neurons in the brain of the crayfish C. destructor. However, the 
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targets of adult-born neurons in cl 10 in P. clarkii had not been investigated until the 
present study.   
 The findings of the present study support the hypothesis that the anatomical 
integration of adult-born neurons into the cl 10 circuitry of the crayfish brain is similar in 
P. clarkii  to that seen in C. destructor.  Projections extending from cl 10 interneurons 
were visible in whole brain preparations (see appendix B), but more highly resolved in 
100 µm brain slices. In a given brain, only the OL or AL of either hemisphere was micro-
penetrated with dextran.  This allowed correlation between the cells that took up the 
label and the lobe targeted, which would provide the only source of dextran for backfill 
to cl 10. 
Labeling both the OL and AL of the same hemisphere using two dextrans 
conjugated to different fluorophores with distinguishable emissions was attempted in 
whole mounts, but the study was limited by the number of distinguishable fluorophores 
and it was determined that the addition of SIF immunocytochemistry took priority over 
labeling both OL and AL in the same hemi-brain.  From the single dextran backfills of 
either the OL or AL in the same hemisphere, which was the approach used in the 
majority of these studies, it can be concluded that cells in cl 10 target either the OL or 
AL. However, this study did not attempt to test whether a single cell in cl 10 projects to 
both of these lobes; however based on previous work in C. destructor, we would not 
expect this (Benton et al., 2013). Cl 9 cells were also backfilled following both OL and 
AL micro-penetration, but were not a focus of this study.   
The outcome of these investigations provides preliminary data justifying further 
investigation into the fate of brain cells derived from ATs of hemocytes.   Additionally, 
the novel application of retrograde backfill methods combined with ATs in P. clarkii adds 
to the growing technical opportunities for studying invertebrate nervous systems. 
 
The Fate Of Brain Cells Derived From Adoptive Transfer Of Hemocytes  
 
Overview 
In order to test the hypothesis that the targets and transmitters of brain cells derived 
from ATs would replicate those previously seen in control conditions (Sullivan & Beltz, 
2005b; Benton et al., 2014), these methods were combined for use in P. clarkii that 
were recipients of ATs of EdU-labeled hemocytes.  Up to three EdU-labeled donor cells 
were observed in recipient cl 10s.  The most common observation was EdU labeling of 
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cells in cl 10, indicating the cell had originated in the donor hemolymph; these cells 
often lacked additional labeling with either dextran or SIF.  This suggests that some 
cells derived from ATs do not develop these differentiated properties, or, alternatively, 
that they contain a different transmitter (not SIF) and project to the lobe (OL or AL) that 
was not micro-penetrated. 
 
Do cl 10 cells derived from donor hemocytes integrate into the neural circuitry? 
One example of a cell that was EdU/dextran labeled by micro-penetration of the 
accessory lobe was observed.  This finding is suggestive that the cells derived from 
hemocyte transfer project to the normal targets, and supports continued investigation of 
the hypothesis that hemocytes transferred from a donor animal adopt a neuronal fate in 
the recipient brain. 
 
Do cl 10 cells derived from donor hemocytes express SIFamide? 
EdU/SIF labeling was observed in more than one cl 10 cell, but was also rare.  
Dextran/SIF labeling (in the absence of EdU) was more commonly observed, indicating 
that these were endogenous cl 10 cells (not the daughters of the ATs). Because a 
proportion of all cl 10 cells –  but not all – would be expected to express SIF, robust 
dextran/SIF labeling in these brains was anticipated. 
 
Do cl 10 cells derived from donor hemocytes integrate into the circuitry of 
recipients and express SIFamide? 
One cell was also observed, referred to here as a trifecta cell, which was triple-labeled 
with EdU, SIF and dextran injected into the AL. This strengthens the evidence in favor 
of a neuronal fate for the descendants of adoptively transferred hemocytes, and 
motivates further study along these lines. 
 
The Fate Of Brain Cells Derived From Adoptive Transfer Of Hemocytes – Double-
labeling and the trifecta. 
 
The EdU/dextran and trifecta cells seen here suggest that in each case a cell from the 
hemolymph of a donor crayfish (where it incorporated EdU), integrated into brain cl 10 
of the recipient crayfish and established a projection to the AL. This can be deduced 
because the AL (but not the OL) had been micro-penetrated with dextran. The trifecta is 
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completed by the indication that a cell that double-labeled with EdU/dextran, also 
expressed SIF, as is characteristic of a portion of the cl 10 neuron population.   
While the trifecta cell provides preliminary support for our hypothesis, that targets 
and transmitters of cells derived from AT have fates characteristic of neurons, further 
investigation is necessary in order to replicate and predict where (within cl 10) double-
labeled and/or trifecta cells are likely to be found, and at what time points. For example, 
it would be useful for future studies to be able to predict how many double-labeled  
(EdU/dextran and EdU/SIF) or trifecta cells are expected in cl 10 and at what time 
points they may be most readily observed following AT.  
It is relevant to note that the trifecta cell presented here (Figure 11) was found in 
the group of animals that was sacrificed at the shortest time point post-hemocyte 
transfer (3.5 weeks), the only trial done at this time point.  However the EdU/dextran cell 
was found at seven weeks post hemocyte transfer, a time point that was investigated 
multiple times (see appendix A) because it was previously shown that adult-born cl 10 
neurons express SIF by seven weeks (Kim et al., 2014). Because promising results 
were seen at differing time points, and due to the relatively low probability of finding 
such cells amidst the ≥200,000 native cl 10 neurons (Sandeman et al., 1998), the 
likelihood of finding such cells is low. GFP transgenic crayfish, currently being 
developed in the Beltz lab, may produce more labeled cells for transfer and may 
increase the probability of finding double and or triple labeling.   
 
The Fate Of Brain Cells Derived From Adoptive Transfer Of Hemocytes – 
Quantitative estimates: what yield do we expect in future studies, and are these 
studies likely to be worthwhile? 
 
It may be useful, if additional studies along these lines are conducted, to try and predict 
the yield that is expected from combining ATs, dextran backfills from the OLs or ALs, 
and SIF labeling.  The greatest number of EdU-labeled cells found in a single cl 10 
following ATs of hemocytes was four (Benton, unpublished results) while the maximum 
in the current studies was three. Cl 10 contains ≥200,000 neurons (Sandeman et al., 
1998). Therefore, based on these data, the probability of finding a single EdU-labeled 
cell derived from transferred hemocytes is 0.002% of the total population.  
However, it was not anticipated that all cells projecting to the clusters would fill 
following dextran micro-penetration of the OL and AL, since the dextran was introduced 
	   25 
in multiple small penetrations.  With such small chance of finding a single labeled EdU 
at all, it logically follows that a cell double-labeled with EdU and dextran would occur 
even less frequently.  It is a reasonable assumption that cl 10 cells project half each to 
the OL and AL, based on prior studies (e.g., Sullivan et al., 2005b).  Therefore, a liberal 
estimate would suggest half of the time, e.g., 0.001% (2/200,000) of cells could be 
double-labeled in a cl 10 following these methods.  If we consider SIF as well, which is 
expressed in approximately half of cl 10 cells (Yasuda-Kamatani & Yasuda, 2006), then 
triple labeling could be expected in a maximum of 0.0005% of cells in a single cl 10. 
Following through with this line of reasoning, 0.0005% of 200,000 cells is 1 cell; again, a 
liberal estimate!  Given this context, the low yield of cells with double- and triple-labeling 
in the present study is not at all surprising.  
 
How can we increase our yield in future studies? 
 
SIF expression by cells derived from AT of hemocytes has been documented in the 
present study, and also by Benton et al., 2014. Thus, in future experiments combining 
ATs and dextran backfilling, confirming the projections of these cells to their target 
regions should be the priority.  Labeling of both the OLs and ALs in the same hemi-brain 
should therefore be done. Backfilling from both of these regions will guarantee the 
highest proportion of dextran labeled cells in cl 10 and, by the logic described above, 
should at least double our predicted EdU/dextran double-labeled cell counts. The 
predictions made here therefore suggest that revising the approach to concentrate on 
filling the projections to the OLs and ALs will be the most fruitful in future studies. 
 
The Fate Of Brain Cells Derived From Adoptive Transfer Of Hemocytes – 
Spherical EdU labeling patterns: mitochondria?  
 
In considering the EdU- labeled cells derived from ATs that were seen consistently 
across these experiments, both cytoplasmic and nuclear EdU labeling were observed.  
In both cytoplasmic and nuclear labeling examples, the EdU appeared to be marking 
spherical structures.   When the spherical labeling pattern was seen in the cytoplasm, 
there was a void of label where the nucleus is expected to be.  This is unusual because 
EdU is a nucleoside marker.  One hypothesis is that the EdU is being incorporated into 
mitochondrial DNA and that the spheres in question are mitochondria, and experiments 
in the Beltz lab using mitochondrial and ROS markers (Benton, unpublished results) 
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supports this possibility.  This is feasible due to the known mitochondrial duplication in 
preparation for neuronal cell growth and cell division (Sazer & Sherwood, 1990).   
Furthermore, previous studies have shown that mitochondria assemble around the 
nucleus in preparation for cell division (Lonergan, Bavister, & Brenner, 2007).  This 
observation could potentially explain why cells were frequently seen with a high 
concentration of mitochondria around where we would expect the nucleus to be, and 
possibly suggests that these cells were preparing for a subsequent division.  Is has also 
been hypothesized that the spherical labeling is a result of an immunological response 
to the AT resulting in an endogenous mitochondrial up-regulation and/or that this 
upregualtion is a preparatory stage preceding differentiation  
However, none of these hypotheses addresses the remaining question of why 
the nucleus itself would not be labeled as well as the cytoplasmic mitochondria?  One 
explanation for this is that the period of mitochondrial duplication is not coincident with S 
phase, which would lead to cytoplasmic (but not nuclear) labeling. It also could be that a 
cell with only the cytoplasmic spherical labeling pattern described above, could be a 
result of the EdU-labeled cell being phagocytized by another cell within the recipient, 
either prior to arriving in cl 10 or within cl 10 itself.  Cell fusion or transfer of label by 
stem cells has been documented in mammalian brain and cultures (Terada et al., 2002; 
Coyne et al., 2006) and it is possible that a similar mechanism is at play here. However, 
these concerns were ruled out in experiments in crayfish where labeled hepatopancreas 
cells were transferred from a donor to recipient crayfish (Benton et al., 2014). In these 
studies, no labeling was observed in the niche or other parts of the pathway, thus ruling 
out transfer of label to recipient cells or cell fusion events (Coyne, Marcus, Woodbury, & 
Black, 2006; Terada et al., 2002). Nevertheless, the basis for these labeling patterns 
should be explored further. 
 
Further Studies  
A promising and novel effort in process in the Beltz lab is to develop a transgenic 
crayfish expressing green-fluorescent protein (GFP).  This initiative could prove highly 
valuable for many avenues of inquiry, including furthering the efforts of the present 
study to confirm the targets and transmitters of neuronal precursors derived from ATs.  
The primary advantage of such a model will be the ability to conduct 
electrophysiological studies in live animals and detect if there is, or is not, normal 
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electrical activity in these cells, since (in contrast to nucleoside markers such as EdU) 
GFP can be visualized in living tissues.  Such evidence, if found, would support the 
hypothesis that AT cells develop excitable membrane properties.  Secondly, the 
question of cytoplasmic versus nuclear labeling will not be a confound as GFP, which is 
expressed in proteins and is not a nucleoside marker, would reliably be seen in the 




This project tested the principle that double or trifecta labeling was a real and possible 
expectation in support of the hypothesis that cells originating in the innate immune can 
generate cells with a neuronal fate.  Repeating this study with a more abundant label, 
such as GFP, and quantifying those results with a dependable prediction of when and 
where to expect double- and triple- labeling will further test the hypothesis that the 
integration of these neuronal precursors is a systematic physiological process in 
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APPENDIX A: Summary of experimental and control trials 
 
 
   AT whole brains, n = 11 
   AT sliced brains, n = 16 
 TOTAL AT, n = 27 
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Figure 12: Micro-ruby dextran labeling backfilled to cl 10 from AL application. Magnified in 
B panels.  Arrow and circles highlight micro-ruby dextran labeled fibers. Hoechst labeling in all 
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